Half-shaft torsion damping coefficient and torsional stiffness. f , h, n, k Known functions of the states (x), the contribution due to uncertainties and disturbances, the term multiplied by the control input, and the yaw acceleration contribution due to lateral tire forces and selfaligning torques (SAT), respectively. Ratio between friction brake torque and friction brake pressure.
tT m,amp
u, u 1 ISM control action and its discontinuous part. Front-to-total wheel torque distribution and yaw moment distribution ratios. μ x , μ y , μ Longitudinal, lateral, and overall tire-road friction coefficients, respectively. ω r Cutoff frequency for the generation of r dem .
Legends and Subscripts
"in-w" and "on-b" (used in the legends of the figures), respectively, indicate in-wheel and on-board drivetrain configurations.
"cont." (used in the legends of the figures) indicates a signal delay model with 0.001 s discretization for all signals and no CAN bus delays.
"discr." (used in the legends of the figures) denotes the discretization values of Table II with the CAN bus delay model.
The subscript "dem" refers to demanded/reference values. The subscripts "t1," "t2," and "t3" refer to transmission components rotating at different speeds (from the motor to the wheel).
The subscripts "CV1" and "CV2" refer to the inner and outer constant velocity joints, respectively.
The subscripts "max" and "min" refer to the maximum and minimum values of the specified variable or parameter.
The subscripts "1," "2," "3," and "4," respectively, refer to the left front, right front, left rear, and right rear drivetrains. The generic drivetrain is indicated with the subscript "j."
I. INTRODUCTION
A. Torque-Vectoring Control F ULLY electric vehicles with individually controlled motors allow a significant improvement in vehicle performance in steady-state and transient cornering conditions [1] - [4] . This can be achieved through the active variation of the wheel torque distribution, commonly referred to as torquevectoring (TV) control [5] . However, at the moment, there is no general consensus about how to exploit the full potential benefit of TV [6] . In particular, some researchers indicate the possibility of varying the vehicle understeer characteristic in conditions of constant velocity to modify the steering response and make it more linear and sports oriented [7] , [8] . Other researchers [9] have demonstrated the significant variation of vehicle understeer for conventional vehicles with even left-toright torque distribution as a function of the amount of traction or braking forces. This phenomenon can be at least partially compensated by TV [10] .
In this paper, the TV controller is designed to track a reference set of understeer characteristics defined for different values of longitudinal vehicle acceleration a x for two driving modes: 1) a "Normal" driving mode aimed at providing a steady-state vehicle response close to that of a conventional vehicle in conditions of constant velocity and 2) a "Sport" driving mode aimed at extending the linear region of steadystate vehicle response and achieving a higher maximum value of lateral acceleration a y .
Moreover, the TV controller must reduce vehicle yaw rate oscillations in transient conditions, which can be difficult to accomplish particularly if the steady-state response is tuned to be particularly sports oriented.
TV requires the implementation of a continuously active yaw rate controller for the smooth and precise tracking of a reference yaw rate through the generation of a reference yaw moment. This is beyond the state of the art of the stability control systems currently installed on passenger cars, which intervene through engine torque reduction and friction brakes only when the offset between the reference and actual yaw rates is above the assigned thresholds [11] .
B. State-of-the-Art of Yaw Moment Control
Industrial vehicle stability controllers are based on PID control structures with complex multiparametric gain scheduling, e.g., depending on vehicle speed and the estimated under/ oversteer condition. Yaw rate controllers suitable for the continuous generation of the reference yaw moment for a TV system include the combination of PID and feedforward, first-and second-order sliding modes [12] , [13] , linear quadratic regulators [14] , and advanced optimal controllers [15] . However, the problem of the continuous tracking of the reference yaw rate is far from being solved in a conventionally accepted way. The specifications for the ideal controller are 1) being designed with the specific purpose of tracking a set of understeer characteristics significantly different from the one of the passive vehicle, 2) having the required robustness properties (e.g., toward the variation of vehicle parameters), 3) being tested on actual vehicle prototypes, 4) not requiring very extensive experimental tuning procedures, 5) not requiring advanced and precise state observers, and 6) providing sufficient smoothness of the control action. The detailed process for the generation of the reference understeer characteristics is described in [10] and [16] .
In particular, among sliding mode controllers, first-order sliding mode control can guarantee absence of significant vibrations of the control action only if its discontinuous output is approximated with a saturation function [12] . However, in this condition, the formulation loses its robustness properties and can be considered equivalent to a saturated high-gain proportional controller [19] . Second-order sliding mode can provide robustness and smooth control yaw moment [13] ; however, its performance is significantly affected by the actuation dynamics and signal discretization, which are very relevant factors in the implementation of the control system on an actual vehicle. This crucial point can prevent the industrial adoption of sliding mode control structures for vehicle TV control. A comparison of different feedback control structures for vehicle yaw moment control, including two formulations of secondorder sliding mode, is presented in [17] . In [18] , sliding mode controllers are coupled with energy-efficient control allocation algorithms for the distribution of the wheel torque demands to achieve a vehicle dynamics-related objective. The overall control structure was experimentally assessed on an electric vehicle prototype.
C. Objectives
This paper presents a yaw moment controller based on ISM [19] , [20] , which combines robustness, ease of tuning and smooth control action. The objectives are as follows:
• to discuss the yaw moment control formulation based on ISM; • to analyze the robustness of the ISM control structure against the discrete implementation of the controller, including the delays and dynamics of the actuation system, in particular those caused by an on-board layout of the electric drivetrains; • to experimentally validate the performance of the ISM controller on a two-wheel-drive electric vehicle demonstrator with on-board drivetrains in steady-state and transient conditions for two driving modes ("Normal" and "Sport").
This paper is organized as follows. Section II discusses the developed simulation models, which are used in Section IV for the assessment of the controller described in Section III. Finally, Section V analyzes the vehicle test results.
II. VEHICLE MODEL
This section describes the simulation models of the chassis, electric drivetrain, and vehicle communication buses. Accurate system modeling is important during the design of sliding mode controllers with respect to chattering prevention and smoothness of control action. Initial simulations and experimental studies proved that yaw moment control based on suboptimal second-order sliding mode (presented in [17] ) is characterized by good performance for a limited range of drivetrain parameters and input/output (I/O) signal discretization characteristics. Outside this range, significant chattering and vibrations were experienced (because of the actuation delays), which made the adoption of second-order sliding mode impractical for the specific vehicle prototype investigated here. The performance decay due to discretization did not happen with a conventional controller combining PID and feedforward control actions.
As a consequence, a detailed analysis of the robustness of ISM performance against a wide range of drivetrain parameters (including in-wheel and on-board layouts and signal discretization) is required for assessing the real-world applicability of such a controller.
A. Chassis Model
The development of the control system was carried out on an experimentally validated chassis model, implemented in CarMaker (IPG Automotive), including the coupled dynamics of the sprung and unsprung masses and the nonlinear suspension elastokinematics. Tire steady-state behavior is modeled with Pacejka's Magic Formula (i.e., calculating longitudinal and lateral tire forces and SATs), and tire dynamics are considered with a first-order relaxation length model [21] .
B. Drivetrain Model
The electric drivetrains are modeled in MATLAB/Simulink and integrated in the CarMaker simulator, which covers both two-wheel-drive and four-wheel-drive configurations. In particular, two drivetrain layouts are adopted to evaluate the robustness of the ISM controller.
1) The first layout is an in-wheel drivetrain layout, in which the electric motor drives are part of the unsprung masses and are connected to the wheels through an inwheel single-speed transmission [22] . The absence of half-shafts and constant-velocity joints prevents torsional oscillations, allowing precise wheel torque control. With such a configuration, the drivetrain dynamics are governed by the following equation (the subscript indicating the individual drivetrain is omitted for simplicity): where T m is the motor torque; η is the efficiency of the transmission; i is the transmission gear ratio; T b is the friction brake torque; F x is the longitudinal tire force; R l is the laden wheel radius; f r is the tire rolling resistance coefficient; F z is the vertical tire force; J w , J, and J m are the moments of inertia of the wheel, the transmission, and the motor, respectively; andθ w is the angular acceleration of the wheel. 2) The second layout is an on-board drivetrain layout (see Fig. 1 ), which is implemented on a vehicle demonstrator. This drivetrain configuration represents the only feasible option (for packaging reasons) with existing motor technology when high values of peak power are required. In this case, the dynamics of each drivetrain, including a two-stage single-speed transmission, are governed by
where T hs is the half-shaft torque; i t1 and i t2 are the gear ratios of the first and second transmission stages, respectively; η t1 , η t2 , and η CV1 are the efficiencies of the two transmission stages and the inner constant velocity joint, respectively; J t1 , J t2 , and J t3 are the moments of inertia of the primary, secondary, and output shafts, respectively; andθ m is the angular acceleration of the motor. The half-shaft torque T hs is given by
where c hs and k hs are the torsion damping coefficient and torsion stiffness of the half-shaft, respectively; ϑ m andθ m are the angular displacement and velocity of the motor, respectively; and ϑ w andθ w are the angular displacement and velocity of the wheel, respectively. The wheel dynamics are expressed by The drivetrain torque at the wheel T w is
where J hs is the moment of inertia of the half-shaft, and η CV2 is the efficiency of the outer constant velocity joint.
The main parameters of the on-board drivetrains are listed in Table I . The motor performance-related parameters have been obtained through experimental measurements on a test rig of the motor manufacturer. The switched reluctance electric motor drives are characterized by an efficiency map (function of torque and speed), which has significant regions where the motor efficiency is over 90%. The drivetrain data mostly affecting the first natural frequency of the system are J m (obtained from the CAD model of the component), and k hs (obtained from experimental measurements on the half-shaft assembly, including the constant-velocity joints). Moreover, the frequency response characteristic of the on-board drivetrain varies depending on vehicle speed, motor torque, and tire-slip ratio. The potential impact of the drivetrain dynamics on the vehicle response is experimentally demonstrated in Fig. 2 , obtained with the two-wheel-drive electric vehicle prototype used for the ISM experimental tests. Fig. 2 shows the time history of the longitudinal acceleration a x during sweep tests of the front electric motor torque demands T m,dem , which are expressed by
with G f = 5 Hz/s, a frequency range starting from 0 Hz, an initial vehicle speed v of 14 m/s, and three combinations of average motor-torque level T m,0 and amplitude of the motor torque T m,amp . The noticeable resonance peaks of a x (approximately between 8 and 10 Hz depending on the test) are induced by the torsional dynamics of the drivetrain. These phenomena can be particularly evident in electric drivetrains because they do not contain a clutch damper as internal-combustion-engine drivetrains. The resonances can cause chattering and vibration in sliding mode controllers. For some electric vehicle applications, specific control schemes have been proposed for the compensation of the on-board drivetrain dynamics including the effect of mechanical backlash [23] , [24] . In this activity, such control schemes are not considered in order to show the robustness of the ISM formulation against the actuation system dynamics. 
C. Signal Discretization and Delay Model
The vehicle simulator includes the model of the communication delays t d,Comm , experienced in the CAN bus adopted for signal transmission between the control units of the vehicle [25] - [27] . The idea is to augment the system with uncertain terms induced by time-varying delays to show the controller robustness in a similar way as described in [28] . In particular, the communication delays are expressed as the sum of the time delays related to the sending (t d,Send ), transmitting (t d,Trsm ), and receiving (t d,Rcv ) of the message, i.e.,
The transmission delay represents the dominant part of t d,Comm . For simplicity, t d,Send and t d,Rcv are calculated as constant fractions of t d,Trsm in the model. In particular, t d,Trsm consists of the following contributions: 1) the release jitter t jitter , which is the time between the initiating event and the message being queued, ready to be transmitted on the bus; 2) the queuing time t queue , which is the time that the message can remain in the CAN controller slot before transmission is started up; and 3) the transmission time t c , which is the time that the message takes to be transmitted. Thus, it can be defined as
The queuing time includes 1) the blocking time, which is caused by an ongoing transmission process on the data bus, 2) the time that originates from an erroneous message transmission or its repetition, and 3) the transmission time of all messages with higher priority and therefore being sent before the considered message. The detailed formulas adopted within the model (omitted here for brevity) are given in [27] .
Within the communication channel model, the transmission delay is uniformly distributed between upper and lower boundaries. Depending on the bus load, this function is shifted toward the worst-case transmission delay for higher bus loads and toward the best-case transmission delay for lower bus loads.
The developed communication channel model has been validated using a CAN bus record from a test vehicle driven in urban and suburban areas. Fig. 3 shows the communication delays of six messages with different priorities extracted from the total 60 messages of the bus traffic. The measured values represent the mean values determined in a measurement range of approximately 17 minutes, during which the bus load varied between 15% and 30%. The best-case and worst-case delays were derived using the model equations. The reference values (center of the probability distribution function) were derived for a bus load of 25%. The graph shows that the model gives a good fit of the measurement data in terms of the communication delay. Table II reports the values of the discretization times adopted for the main I/O signals of the controller during the simulations in Section IV and the experimental tests in Section V as well as whether the CAN bus is involved in the transmission of the specific signal. If the time-varying delays of classical message scheduling procedures cause control performance degradation, a dynamic priority scheduling procedure can improve the situation [29] . In the specific application of this paper, which is similar to the setup of current production vehicle implementations of stability control systems, the filtering delay of the sensors (accelerometers, yaw rate sensors, and steering wheel angle sensors designed to provide high dynamic performance) has the same order of magnitude as the communication delays. Discretization affects the sliding mode since the switching frequency is not infinite but finite for digitally implemented sliding modes. Therefore, the sliding motion takes place in a small neighborhood of the sliding manifold, whose dimension is inversely proportional to the control switching frequency. The control signal, commuting at the sampling frequency, provokes "ringing," i.e., the chattering effect caused by a piecewise control signal commuting at the sampling frequency between two opposite values.
III. TORQUE-VECTORING CONTROLLER

A. Torque-Vectoring Control Structure
The structure of the TV system is shown in Fig. 4 . The drivability controller calculates the reference value of the overall wheel torque T w based on the driver inputs in terms of accelerator (p acc ) and brake (p br ) pedal positions, and the available motor torque. In the reference yaw rate generator, a LUT is included (derived from a reference set of understeer characteristics) to calculate the steady-state reference yaw rate r LUT as a function of the steering wheel angle δ sw , vehicle velocity v, longitudinal acceleration a x , and road friction condition μ. Using this reference value, the yaw rate reference r dem is calculated with a first-order transfer function such that r dem = r LUT (ω r /(s + ω r )), where ω r is a cutoff frequency, and s is the Laplace variable. r dem and the actual yaw rate r are sent to the high-level controller, which generates the reference yaw moment M z,ISM to track r dem .
Depending on the amount of the yaw rate error r dem − r and its sign (which determines vehicle understeer or oversteer conditions with respect to the reference one), the yaw moment controller can correct T w ; e.g., during traction, T w is reduced in critical conditions for vehicle safety (for high values of yaw rate error, particularly in the case of vehicle oversteer), thus generating T w,M z such that T w,M z ≤ T w . In general, a reduction of wheel torque allows higher lateral tire forces, and reduces vehicle speed, yielding to lower steady-state values of lateral acceleration and sideslip angle.
M z,ISM and T w,M z are saturated based on the estimated tire-road friction coefficient (friction estimation is not covered in this paper for brevity; however, useful references are [30] - [33] ), and the final yaw moment and wheel torque demands M z,dem and T w,dem , respectively, are generated. In particular, the absolute value of the maximum transmissible wheel torque at the drivetrain j is
where μ x is the longitudinal friction coefficient.
Hence, the constraints on the demanded wheel torques are
The subscripts "1," "2," "3," and "4" refer to the left front, right front, left rear and right rear drivetrains, respectively. c F and c R are the front and rear track widths, respectively. τ T,F and τ M,F are the ratios related to the front-to-total wheel torque and yaw moment distributions, respectively. In a four-wheeldrive vehicle with TV control, τ T,F and τ M,F can vary as functions of time and can be based on the minimization of a secondary cost function. Examples of online optimization algorithms are described in [34] - [36] . Owing to the focus on the yaw moment controller of this paper, in traction conditions, τ T,F = τ M,F = 0.5 is set for the simulated four-wheel-drive vehicles and τ T,F = τ M,F = 1 for the experimental two-wheeldrive vehicle demonstrator. In braking conditions (which are not considered here), τ T,F = τ M,F = 0.75, which provides vehicle stability [37] . In the four-wheel-drive vehicles, a smooth transition between the distribution in traction and braking for low values of |a x | is achieved through a LUT to prevent drivability issues, perceivable by the passengers, during maneuvers characterized by the change of the sign of a x . By solving conditions (10), the upper and lower constraints (corresponding to (11) and (12) 
If M z,max < M z,min , the required wheel torque is greater than the torque permissible by the tire-road friction condition. In this case, (11) and (12) can be rearranged to find the reduced value of wheel torque demand T w,dem , meeting the friction conditions and satisfying M z,max ≥ M z,min . M z,dem is then obtained through saturation of M z,ISM as follows:
Hence, the wheel torque distributor computes the demanded wheel torque providing M z,dem and T w,dem . At the bottom level, a feedback controller of tire-slip ratio (the detailed description is omitted for brevity) provides the slip control functionality (antilock braking and traction control) and the estimation of the friction coefficients μ x,j . The tire-slip controller intervenes by modifying the wheel torque output by the torque distributor only when the slip ratio exceeds predefined thresholds (beyond which the tire would tend to lock or spin), which is not the case for the simulations and experiments presented in this paper.
From the individual wheel torque demands T w,dem,j , the reference motor torques are derived through the following approximation, which considers the motor saturation limits T m,max,j (i = i t1 i t2 for on-board drivetrains):
In case of braking, the friction brakes provide the difference between the demanded torque and the torque achievable through the electric drivetrains. Converting to the friction brake pressure, this difference is given by
where K b is the ratio between the friction brake torque and the friction brake pressure.
B. ISM Controller Formulation
The basic theory of ISM is reported in [19] . The main benefits of ISM over other forms of sliding mode are that 1) ISM starts immediately with sliding motion, without the requirement of the reaching phase during which the system dynamics are not the ideal ones; and 2) ISM can guarantee a smooth control action, without losing its properties, through the first-order filtering of the discontinuous part of its control action. The order of the motion equation with ISM is the same as for the original system. The peculiarity of the ISM formulation is that it shifts the discontinuous control output, typical of sliding mode controllers, from the plant input to the input of an auxiliary dynamic system. As demonstrated in [19] , "discontinuity appears only in the internal process; thus, no chattering is excited in the real control path."
ISM must include another control structure to which it provides the robustness properties typical of sliding mode. To demonstrate the effectiveness of ISM, a simple constantgain PID controller is considered here. On its own, the PID controller would not be able to provide the required tracking performance in steady-state conditions when the reference understeer characteristic is significantly different from the one of the passive vehicle. This shortcoming of the PID is due to the necessary conservativeness in the selection of the gain values, in order to achieve acceptable vehicle stability, transient response and smoothness of control action. From a theoretical viewpoint, ISM is usually considered a perturbation estimator and compensator rather than a controller [19] . However, interestingly, this paper shows that, for the specific application of vehicle yaw moment control, the function of the ISM is well beyond the pure enhancement of robustness. The ISM actually provides a significant control system performance, even when coupled with a controller (the PID) that is unable to guarantee the required yaw rate tracking in nominal conditions.
The ISM controller can be developed starting from the yaw moment balance equation of the vehicle (see Fig. 5 ), i.e., (16) where J z is the vehicle yaw moment of inertia; F y is the lateral tire force; δ w is the steer angle at the wheels; a and b are the front and rear semi-wheelbases, respectively; and M SAT is the tire SAT.
The ISM controller has an impact on the part of the vehicle yaw moment M z,F x , resulting from longitudinal tire forces F x,j , which are directly correlated with the drivetrain torque and friction brake pressures, as described in the following:
The remaining portion of yaw moment is given by the contribution J z k due to the lateral tire forces and the SATs, i.e., Primarily, k is a function of r, β, and δ w,j ; tire-slip ratio has a secondary influence on k because of the tire friction ellipse [38] . The yaw acceleration errorṙ −ṙ dem is obtained by combining (16)- (18) and including the yaw moment contribution due to disturbances and uncertainties M z,unc as follows:
The block diagram of the specific ISM formulation is shown in Fig. 6 . If no form of state estimator is included in the controller (as shown here to demonstrate the robustness of ISM), the uncertain part of (19) is given by h = k(r, β, δ w,j ) + (1/J z )M z,unc , and the known part is f = −ṙ dem . By neglecting the actuation dynamics and the saturation processes within the controller (described in Section III-A), M z,F x ∼ = M z,ISM , which is given by
where the yaw moment contribution of the PID controller is
K P , t I , and t D are the parameters of the proportional, integral, and derivative parts of the PID controller, respectively, and σ 0 is the conventional term of the ISM sliding variable as described in the following. To account for nonlinearities due to the saturation of the control action, the PID formulation includes an anti-windup scheme with tuning parameter t t . To prevent chattering (i.e., oscillation of the sliding variable) and to eliminate the discontinuity in the control action, the discontinuous part of the control action M z,sw is filtered (M z,sw,f ) using the time constant τ ISM as follows:
with M z,sw being
where K is the controller gain. σ consists of two contributions, which are summed together: 1) σ 0 , which corresponds to the usual definition of the sliding variable and depends on the state variables x of the system (here σ 0 = r − r dem ); and 2) z, which is the auxiliary variable (as mentioned in the introduction to ISM) typical of ISM. In particular, its general formulation is [19] 
with z(0) = −σ 0 (x(0)) (24) where f and n are functions of the states, and u and u 1 are, repectively, the ISM control action and its discontinuous part. Considering the formulation (19) ,ż becomeṡ
The inequality condition in (23) (K > |h max |) derives from the requirement of an asymptotic stability through the Lyapunov function V (s) = (1/2)σ
C. Tuning of the ISM Controller Parameters
The tuning of the parameters of the ISM controller must be carried out with the following three objectives: 1) to provide the asymptotic stability of the system according to condition (23); 2) to prevent any form of chattering, which affects the tracking performance of the control system [39] , [40] ; 3) to prevent discontinuity or vibration of the control action.
(Ideal sliding mode is characterized by discontinuous control action switching at infinite frequency, without chattering. However, this ideal performance is not suitable for a continuously active TV system, which requires smoothness of the control action for comfort reasons.) Objective 1 can be achieved through the tuning of K. Appropriate values of K can be derived from the analysis of h(t) for the controlled vehicle in extreme operating conditions or when disturbances or variations of vehicle parameters are introduced. For example, Fig. 7 plots J z h(t) during a sequence of step steer maneuvers with nominal vehicle parameters and M z,unc = 0. This test indicates that a minimum value of 8000 Nm is required for J z K. Nonetheless, to account for a worst-case scenario, all maneuvers reported here (simulated or experimental) are conducted with J z K = 15 000 Nm. This condition provides control system robustness even without estimation of the lateral tire forces and SATs. Gain scheduling of K depending on v and δ sw is not discussed in this paper but can be used to ensure system stability during extreme transient conditions and to increase smoothness of the control action at low lateral acceleration levels. Objectives 2 and 3 are fulfilled through tuning of τ ISM . Larger values of τ ISM are required in the case of slow actuation system dynamics, as shown in Table III .
IV. EFFECT OF THE ACTUATION SYSTEM DYNAMICS ON THE CONTROL SYSTEM PERFORMANCE
The effect of the actuation system dynamics and I/O signal delays and discretization is evaluated with the model of the four-wheel-drive sports utility electric vehicle described in Section II. In particular, two maneuvers, i.e., ramp steer and sequence of step steers, are simulated.
• Ramp steer consists of a slow rotation of the steering wheel (δ sw = 10 deg/s) at v = 90 km/h. This maneuver defines the steady-state vehicle response (as the input varies very slowly) through the understeer characteristic. The execution of the ramp steer at constant velocity implies a progressive increase in driver torque demand to compensate the effect of tire-slip power losses. To account for this effect, a feedforward/feedback driver model is included in the simulator. The feedforward contribution generates a wheel torque demand corresponding to the aerodynamic drag losses, rolling resistance losses, inertial losses, and steady-state lateral slip power losses. These losses are estimated starting from the reference speed profile and the actual value of steering wheel angle. The Table II with the CAN bus delay model. The same notations will be used in the following figures of the paper.
feedback contribution of the driver model includes a PID controller, based on the error between the reference and actual speed profiles for the specific test.
• The sequence of step steers consists of a series of fast rotations of the steering wheel (leftward and rightward), with progressively increasing amplitude (from 30 deg to 130 deg), at v = 90 km/h (which implies an increase in driver torque demand when the vehicle is cornering). The successive application of the steering wheel inputs at a frequency close to the natural one of the yaw motion excites the vehicle yaw dynamics, with significant oscillations in the last part of the maneuver. The final steering wheel angle (130 deg) is well above the value required for achieving the maximum lateral acceleration in high friction conditions at 90 km/h. The simulations are performed with the driving mode set to "Sport," which is the most critical one in terms of steady-state and transient tracking performance. The aim of the analysis is to demonstrate that a simple ISM formulation, not taking into consideration actuation delays, performs well even when significant delays (including time-variant delays), signal discretization, and actuation dynamics are present in the system. Fig. 8 shows the yaw rate error r dem − r during the ramp steer maneuver for a sample of the different drivetrain layouts. Only a very small difference can be observed between the configurations, which is considered negligible for this paper.
A. Ramp Steer
The tracking performance of the controller is evaluated through the RMSE (root-mean-square error) value of the yaw rate during the part of the maneuver characterized by a steering wheel input, i.e., RMSE = 1 t man,fin − t man,in
where t man,in and t man,fin are the initial and final times of the relevant part of the maneuver, respectively. Fig. 9 . Reference yaw rate ("dem") and actual yaw rate ("ISM") for the controlled vehicle (in-wheel motors, excluding discretization and CAN delays) and yaw rate of the passive vehicle ("Baseline") during a sequence of step steers, with μ = 1.
The amount of control effort demand is measured by the IACA M z,dem , i.e., the integral of the absolute value of the control action along the relevant part of the maneuver described as follows:
The values of the two indicators are reported in Tables IV and V. The RMSE values for the controlled vehicle are within 10% of the values for the passive ("Baseline") vehicle. Discontinuities or vibrations of the control actions are not observed, and the values of the IACA M z,dem are very similar for all the layouts, due to the slow nature of the specific maneuver. Hence, the developed control formulations can be assumed to provide sufficient robustness against actuation system configuration. Fig. 9 highlights the benefit deriving from the adoption of the ISM TV controller. For the in-wheel drivetrain configuration without signal delays, the ISM TV controller eliminates the yaw rate overshoots. In the same test, the passive vehicle ("Baseline") reaches a safety-critical yaw rate (|r|) value of 37 deg/s (compared with a reference value range of 21-22 deg/s) after the last steering application. The performance decay of the controller related to the different drivetrain layouts is evident (see Figs. 10 and 11 ), but even the least performing controlled vehicle configuration ("onb. discr.") exhibits a maximum |r| (i.e., approximately 27 deg/s) that is significantly smaller than with the passive vehicle. Also, the maximum sideslip angle remains below 4 deg with the TVcontrolled vehicles, compared with nearly 8 deg for the passive vehicle.
B. Sequence of Step Steers
The RMSE values for the controlled vehicle (see Table VI ) range between 2.4 and 2.9 deg/s, which is considerably lower than the minimum RMSE value computed for the passive vehicle (at least 6.2 deg/s). Due to actuation bandwidth limitations, the progressive decay of the performance of the actuation system is noticeable during the last couple of steering wheel inputs, which provoke a significant amount of oscillations of M z,dem (see Fig. 12 ). Although no saturation issues of the control action are experienced during the extreme tests, yaw moment saturation could be required at higher vehicle speeds or for cornering maneuvers at nonzero a x .
The IACA values (see Table VII , including the index IACA M z,Fx , based on M z,F x , which is the generated control action) show that the requested control effort changes marginally when signal delays are considered (up to about 200 Nm). This variation is even lower for the actual control effort (up to about 150 Nm). However, when considering the following index: (28) which assesses the amount of actuation error, a significant influence of the signal discretization and CAN delays can be observed. As indicated by Table VIII , values of IACA M z,dem −M z,Fx of about 400 Nm occur in the worst-case scenario. Even if the RMSE value of the yaw rate tracking performance remains very good, the observed influence of signal discretization and delays justifies the adoption of advanced wheel torque control techniques (e.g., in [23] and [24] ) for the improvement of the drivetrain dynamic performance and actuation precision. Fig. 13 confirms the excellent performance of the ISM controller in low friction conditions (friction coefficient μ is equal to 0.5), identified by the friction estimator (thus provoking a variation of the yaw rate demand). The tuning parameters (but not the reference yaw rate) of the ISM controller in low friction conditions are the same as for the high friction simulations, to demonstrate the robustness of the control structure.
The passive vehicle is not capable of following the sequence of steering wheel inputs as it is evident from the time histories of r(t) and β(t) after 10 s, with values of sideslip angle close to 20 deg (condition of vehicle spin). Table IX reports the values of the RMSE for the different drivetrain layouts, during the same maneuver. The yaw rate tracking performance for μ = 0.5 is even better than the one shown in Table VI for μ = 1 as the tuning of the reference yaw rate in low friction conditions is deliberately less aggressive than for high friction operation because of safety reasons.
V. EXPERIMENTAL RESULTS ON A FULLY ELECTRIC VEHICLE DEMONSTRATOR
A. Vehicle Demonstrator Testing
The prototype on-board electric drivetrains described in Section II were installed at the front axle of a 2011 Range Rover Evoque, and experimental tests were performed at the Lommel proving ground in Belgium under dry road surface conditions (see Fig. 14) . In particular, two maneuvers are investigated here.
1) Skid pad test (see Section V-B), in which the vehicle travels along a circular trajectory (30 m radius) at slowly increasing vehicle speed. Steering wheel angle δ sw is progressively corrected by the driver to follow the reference trajectory. This procedure allows the derivation of the vehicle understeer characteristic δ sw (a y ).
2)
Step steer test (see Section V-C), consisting of a quick application (δ sw ∼ = 400 deg/s) of a steering wheel input with an amplitude of 150 • , which is then kept constant until the completion of the maneuver. The final value of the steering wheel angle was selected to ensure that the vehicle is operating at its cornering limit. The vehicle inputs a constant wheel torque demand during the test, equal to the value required to keep vehicle speed v at the initial value (about 50 km/h in this case) in straight ahead conditions. To do so, the accelerator pedal position of the driver is bypassed during the test. Due to the lateral slip losses of the tires, v decreases after the steering wheel input is applied. The values of the discretization step of the different signals, including the specification of the I/O variables transmitted through the CAN bus, are indicated in Table II . The ISM controller was run at a fixed step size of 2 ms on a dSPACE MicroAutoBox system. Fig. 15 shows the comparison of the experimental understeer characteristics for the "Normal" and "Sport" driving modes of the controlled vehicle and the passive vehicle (symmetric torque distribution on the front axle). The steady-state vehicle response can be significantly modified by the ISM TV controller, which is used to define vehicle handling response according to the driving mode selected by the user. The ISM controller has a major impact on the following three indicators.
B. Skid-Pad Test
• The first indicator is the understeer gradient K U = (∂δ sw )/ (∂a y ) at low-to-medium values of lateral acceleration, which for the specific test is about 1 deg s 2 /m for the "Baseline" vehicle and the "Normal" driving mode, and 0.6 deg s 2 /m for the "Sport" driving mode, between 2.5 and 4 m/s 2 of lateral acceleration. This has a direct influence on driver's perception of vehicle response in common driving conditions.
• The second indicator is the extension of the linear region of the vehicle understeer characteristic. The "Baseline" vehicle and the "Normal" driving mode are characterized by a significant increase in the understeer gradient for medium values of a y . In fact, K U is about 2 deg s 2 /m for both cases between 4 and 6 m/s 2 , doubled from its value between 2.5 and 4 m/s 2 . The "Sport" driving mode is characterized by a largely constant value of K U up to 6-7 m/s 2 , which provides a feel of consistent vehicle responsiveness to the driver, even at medium-to-high values of a y . In any case, above a lateral acceleration threshold, the nonlinearity of the understeer characteristic is required as a safety warning for the driver that the vehicle is close to its cornering limit.
• The third indicator is the increase in the maximum value of lateral acceleration a y,max , which is about 8.3, 8.5, and 9.5 m/s 2 , respectively, for the "Baseline" vehicle, the "Normal" driving mode, and "Sport" driving mode, respectively. The increased values of a y,max denote an improved vehicle handling performance in limit conditions, which are beyond the experience of common drivers. This also means that the controlled vehicle provides additional safety margin during emergency transient maneuvers as it can corner at higher vehicle velocities than the conventional vehicle. Fig. 16 compares the performance of the passive vehicle and the ISM-controlled vehicle during the step steer maneuver. In the figure, the yaw rate response of the passive vehicle is overlapped with the reference yaw rate r dem for the "Normal" driving mode, calculated by inputting the time history of the measured variables of the passive vehicle into the controller. The passive vehicle ("Baseline") is characterized by a yaw rate response similar to the one of an underdamped second-order system. The TV controller allows the following benefits with respect to the passive vehicle.
C. Step Steer Test
• Considerable reduction in the yaw rate overshoot that follows the application of the steering wheel input. This is critical to vehicle safety. In particular, in the "Sport" mode, the overshoot is eliminated and r peaks at about 37 deg/s (with an overshoot of 1.6% relative to r dem ). In the "Normal" mode, the maximum yaw rate is about 36 deg/s (with an overshoot of 8.8%), and the passive vehicle experiences a yaw rate peak of > 41 deg/s (with an overshoot of 26.5%). The reduction of the yaw rate overshoot is achieved by the negative peaks of M z,dem visible in the bottom plots of Fig. 16 .
• Decrease in the delay in the initial yaw rate generation, during the application of the steering wheel input. This objective is achieved through the application of a significant M z,dem > 0 during the first part of the maneuver. Table X shows a 40% reduction of the time delay between r dem and r. In the specific tuning of the controller, the first-order transfer function for the generation of r dem was removed, to provide a significant increase in vehicle responsiveness and verify the controller stabilization properties in extreme conditions. This justifies the significant peaks of destabilizing M z,dem during the steering wheel application. The introduction of the cutoff frequency ω r in the reference yaw rate generator (as discussed in Section III) would decrease control aggressiveness during the initial part of the maneuver and further reduce the overshoot.
• Quick stabilization of the system around r dem once the initial transient is completed. In this respect, the controlled vehicle shows a particularly good performance in the "Normal" driving mode.
The ISM sliding variable, reported for the experimental test in the "Sport" mode (σ sport in Fig. 16 ), shows a correct behavior with low amplitude oscillations, which cannot be considered chattering with respect to the nature of the specific physical system. Moreover, in line with theory [19] , sliding mode occurs from the start of the maneuver.
VI. CONCLUSION
A torque-vectoring controller based on integral sliding mode has been presented in this paper. The results lead to the following conclusions.
• The ISM controller achieves a good tracking performance of the reference yaw rate in steady-state and transient conditions, with a smooth control action. This was demonstrated along four maneuvers, involving simulations and experimental tests at different vehicle velocities.
• The continuous part of the implemented ISM controller consists of a PID controller. The performance of the ISM controller is good even when the feedforward contribution (typical of continuously active TV systems) is not included in the continuous part of the ISM formulation. This control structure can significantly reduce the tuning time of the controller compared with conventional formulations.
• The same ISM control structure is compatible with inwheel and on-board two-wheel-drive and four-wheel-drive layouts and a reasonable range of discretization values and delays of the I/O signals, provided that the time constant τ ISM of the ISM filter is retuned for each system configuration. The same value of the gain K of the discontinuous part of the ISM controller allows good yaw rate tracking performance for all the simulated and experimentally tested maneuvers and drivetrain layouts, even with a large error for the actuation system (measured by the index IACA M z,dem −M z,Fx ). • The prototype vehicle confirmed the very good functionality of the controller in the worst operational scenario, i.e., on-board electric drivetrains with significant I/O signal discretization and CAN bus delays. The experiments demonstrate the impact TV control can bring in designing steady-state and transient vehicle responses.
• As state estimation is not required, the presented ISM formulation provides ease of tuning, which is important for real world application of the control structure.
• The effect of signal discretization and time delays in the controller I/O signals can be prevalent over the effect of the drivetrain actuation dynamics, in provoking a marginal decay of the tracking performance of the yaw moment controller and increase in the demanded control effort.
